Introduction
Raspberry bushy dwarf virus (RBDV) infects wild and cultivated Rubus Plants throughout the world and is an important pathogen of red raspberry (Murant, 1987) . It has a combination of properties that distinguish it from all other plant viruses. Particles of RBDV are about 33 nm in diameter and appear slightly flattened in electron micrographs (Barnett & Murant, 1970) . RBDV is transmitted naturally only in association with the pollen from an infected plant (Murant et al., 1974) . In these properties, and the general instability of the particles of purified virus (Murant, 1976) , RBDV resembles ilarviruses. However, ilarvirus particles contain four RNA species but RBDV particles contain only three, of about 6 kb (RNA-1), 2.3 kb (RNA-2) and 1 kb (RNA-3). Moreover, whereas RBDV RNA-3 resembles ilarvirus RNA-4 in size and in being a monocistronic mRNA for the coat protein (Mayo et al., 1991) , and RBDV RNA-2 is similar in size to ilarvirus RNA-3 (Symons, 1985) , RBDV RNA-1 is as large as ilarvirus RNA-1 and RNA-2 combined. In this paper we present the nucleotide sequence of RBDV RNA-2 and compare the sequence homologies among RBDV RNA species with those among the RNA species of ilarviruses and similar viruses.
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Methods
Virus isolates and virus propagation. RBDV isolate R 15, an isolate of a resistance-breaking strain from Malling Jewel raspberry (Murant et al., 1986; Mayo et al., 1991) , was used in most work. Particles were purified from systemically infected Chenopodium quinoa as described by Murant (1976) and Murant et at. (1986) . Isolate D1, an isolate of the type Scottish strain from Lloyd George raspberry (Mutant et al., 1986) , was used in Northern blotting experiments.
Isolation and separation of virus RNA. RNA was extracted from purified particles by heating virus preparations with an equal volume of 20 mM-Tris-HCl, 1 mM-EDTA, 4% SDS pH 9 for 20 min at 60 °C (Murant et al., 1986) . RNA species were separated by centrifugation in 10~ to 40~ sucrose gradients in 100 mM-Tris-HCl, 100 mM-NaC1, 1 mM-EDTA pH 7.5 containing 100 og/ml bentonite for 16 h at 30000 r.p.m, at 20 °C in a Beckman SW50.1 rotor (Murant et al., 1986) . Gel electrophoresis showed that the fastest sedimenting fraction contained RNA-I, the intermediate fraction contained RNA-2 and the slowest contained RNA-3.
Preparation of cloned cDNA. Primers used in cloning were A: 5" TAACGATTGGTGGAACAGCT 3' (complementary to nucleotides 52 to 71 of RNA-3; Mayo et al., 1991) ; B: 5' AACCCGGGG-TTTGCTCAGCAAACA 3' (complementary to the T-terminal 19 nucleotides of RNA-2 determined by direct sequencing and with nucleotides added to create a SmaI site); C: 5' AAGTCGACACA-TAGTGTCAGT 3' [equivalent to nucleotides 1240 to 1255 of the complete sequence (Fig. 4) with nucleotides added to create a SalI site]. Samples of RNA-2 were annealed with primer A and reversetranscribed as described by Gubler & Hoffman (1983) . The cDNA was ligated into Sinai-cut pUC 19 and was used to transform Escherichia coli DH5ct. Recombinant plasmids containing RNA-2 sequences were selected by colony hybridization (Maniatis et al., 1982) with radioactive eDNA made by randomly primed synthesis on RNA-2 template. To obtain cDNA 3' of that cloned above, RNA-2 was reverse-transcribed after annealing to primer B and first strand cDNA was synthesized at 42 °C by using 15 units (U) of Moloney murine leukaemia virus reverse transcriptase (Boehringer Mannheim) in 50 mM-KCI, 10 mM-Tris-HCl pH 8-4, l-5 mM-MgCI~ and 20 ktg/ml gelatin. The cDNA was amplified by adding 1 p-g primer B, 1 ~tg primer A, 2 U Taq polymerase, 10 ktl buffer (100 mM-Tris-HC1 pH 8.3, 50 mM-KCI, 15 mM-MgCI2, 0"1% gelatin, 0"1% Tween 20, 0.1% NP40), 10 Ixl (0-4 mM each) of dATP, dCTP plus dGTP plus TTP and water to 100 ktl, and heating the mixture for 30 cycles of 1-5 min at 96 °C, 1.5 min at 55 °C and 2.5 rain at 72 °C. The resulting 1 kbp DNA was isolated by gel electrophoresis in 100 mM-Tris, 100 mM-boric acid, 5 mM-EDTA (TBE) and electroeluted and cloned as described above.
DNA complementary to the T-terminal sequence otq RNA-1 was prepared by reverse transcription of oligo(dT)-primed polyadenylated RNA-1 as described for RNA-3 by Mayo et al. (1991) .
Northern blotting. RNA was phenol-extracted by triturating about 1 g of leaf tissue in 2 ml 1% SDS in 50 mM-NaCI, 10 mM-Tris-HCl, 1 mM-EDTA pH 7.6 and mixing with phenol :cresol (9:1 v/v) containing 0.1% 8-hydroxyquinoline. Samples of RNA from about 10 mg of fresh, systemically infected leaf tissue of C. quinoa were denatured in formamide-formaldehyde solutions, separated by electrophoresis in formaldehyde-containing 1-2 % agarose gels, blotted to nitrocellulose by diffusion and probed with labelled DNA as described by Maniatis et al. (1982) . The blots were washed with 0-1% SDS in 300 mM-NaC1, 30 mMsodium citrate (2 x SSC) and 0.1~ SDS in 0.5 x SSC at 65 °C, and autoradiographed at -20 °C.
Nucteotide sequencing. Plasmid DN A was prepared and subcloned by appropriate restriction enzyme digestion and ligation into M 13 vectors as described by Mayo et al. (1989) . Sequences were determined by dideoxynucleotide chain termination (Sanger et al., 1977) as described by Mayo et al. (1989) , and were assembled by using the DBUTIL and DBAUTO programs (Staden, 1982) and analysed by using the ANALYSEQ (Staden, 1984) , GAP (Devereux et al., 1984) and FASTA (Lipman & Pearson, 1985) programs.
Determination of the Y-terminal sequence. Samples of about 6 ~g of RBDV RNA-2 were annealed with 1 ~g of the primer 5' TCGACACT-CAATGACCACC 3' (complementary to nucleotides 50 to 68 of the complete sequence; Fig. 4 ) and sequenced by reverse transcription (Zimmern & Kaesberg, 1978) followed by the addition of homopolymer tails (DeBorde et al., 1986) .
Labelling of the 3'-terminal nucleotide. Samples of about 5 ~tg of RNA [RBDV RNA-1, RNA-2 or 5S RNA (Pharmacia)] in 20 Ixl buffer containing 50 mM-HEPES pH 7.5, 15 mM-MgCI2, 3.3 mM-DTT, 26 ~tM-ATP, 10 ixg/ml BSA, 10~ dimethyl sulphoxide and 1 to 2 MBq [32p]pCp (Amersham; 29-6 TBq/mmol) were mixed with 8 to 16 U RNA ligase and incubated overnight at 4 °C. Labelled RNA-2 was recovered by electrophoresis in TBE in 1% low melting point agarose followed by phenol extraction at 65 °C. Labelled 5S RNA was recovered by electrophoresis in TBE in a 7.5~ acrylamide gel containing 8 xt-urea followed by diffusion overnight at 37 °C.
Identification of the 3'-terminal nucleotide.
Samples of labelled RNA-2 in 25 mM-amraonium acetate pH 4.5 were mixed with 10 i.tg tRNA and 1 U RNase T2 (Sigma), and were incubated at 37 °C for 15 min. Samples were subjected to chromatography in cellulose thin layers in isobutyric acid :ammonia :water (50:0.75:29.25, v/v/v) for 4 h (Kikuchiet al., 1982) . The order of mobility was A>C>G=U. Radioactive nucleotides were located by autoradiography.
Determination of the 3'-terminal nucleotide sequence.
In some experiments, untreated [32p]pCp-labelled RNA was used, in others labelled RNA was dissolved in 33 mM-sodium citrate pH 5, 1.7 mM-EDTA, 7 M-urea containing 1 mg/ml tRNA and mixed with an equal volume of water and 10 U RNase T1 (Pharmacia). After incubation of the mixture at 55 °C for 3 h, the labelled oligonucleotide was isolated by electrophoresis in TBE in 7.5~ acrylamide containing 8 M-urea and recovered by diffusion.
Sequencing of labelled RNA or labelled oligonucleotides was done with base-specific RNases essentially as described by Donis-KeUer et al. (1977) and Donis-Keller (1980) . Samples were digested with RNases T1, U2, Phy M or B. cereus (RNA sequencing kit; Pharmacia) at 55 °C for 12 min. 5S RNA was used as a control to verify the sequence reaction and a ladder of oligonucleotides was generated by treatment with 0-5 M-carbonate buffer pH 9-5 for about 6 min at 90 °C. After digestion, samples were mixed with 0-5 vol. 5 mM-Tris, 5 mM-boric acid, 1 mM-EDTA, 10 M-urea, 0.01% xylene cyanol, 0.01% bromophenol blue and subjected to electrophoresis in 2 x TBE in a 20% acrylamide gel containing 7 M-urea.
Results

Northern blotting with RNA-3-specific cDNA
Probes were prepared by excising, from cloned cDNA, the RNA-3-specific DNA corresponding either to the sequence between nucleotides 1 and 173 (Mayo et al., 1991) (probe 1) or to the 3'-terminal 437 nucleotides (probe 2). In Northern blots of RNA extracted from plants infected with RBDV, probe 1 (Fig. 1 a) and probe 2 (data not shown) reacted with RNA species that comigrated with RNA-2 and RNA-3 from purified particles of RBDV strains R15 and D1 (Fig. 1 a) . There was no reaction with either probe at the position • expected for RNA-1. Probing with cloned RNA-Ispecific cDNA, obtained from a library of cDNA to unfractionated RBDV RNA, showed that RNA-1 was detectable by this method (data not shown). RNA-2 and RNA-3 of isolates D1 and R15 therefore share sequence homology and at least part of the sequence homology is at the 3' end of RNA-3.
Preparation of RNA-2-specifie cDNA
An oligonucleotide complementary to the sequence near the 5' end of RNA-3 was synthesized and used as a primer by annealing to RNA-2. Reverse transcription from this template yielded cDNA of about 1 kbp. RNA-2 corresponds in size to this cDNA combined with the 1 kb of RNA-3. This result suggests that those RNA-2 sequences that resembled RNA-3 were in the 3' half of RNA-2. This was confirmed when subcloned DNA, which corresponded to sequence between nucleotides 556 and 1001 of RNA-2, reacted in Northern blots with RNA comigrating with RNA-2 but not with RNA-3 (Fig. lb) .
3"-terminal sequences of RBDV RNA
Preparations of RNA-1 and RNA-2 which had been separated by sucrose density gradient centrifugation were labelled by reaction with radioactive pCp by using RNA ligase. After complete digestion with ribonuclease followed by thin layer chromatography, about 60 ~ of the radioactivity was recovered in the spot corresponding to nucleotide C. The remainder was distributed among spots of the other nucleotides and presumably originated from end-labelled fragmented RNA molecules. To establish the terminal sequence of the molecules, labelled RNA was digested to completion with RNase T~ and the labelled oligonucleotide which migrated fastest was eluted and digested with base-specific ribonucleases. This procedure resulted in clearer autoradiograms (Fig.  2 ) than when intact RNA was digested (e.g. Fig. 3 ). The positions of the bands corresponding to each size of oligonucleotide were determined by partial digestion with alkali (Fig. 2, lanes 1) and the results were checked by co-electrophoresis of the products of partial digestion of pCp-labelled 5S RNA. The sequence deduced from Fig. 2 and from other determinations was 5' GCAAA-CCCX 3' for both RNA-2 and RNA-1. The terminal AGAGA~UA~GAUUU~C~GU~CAGCAG~GUUUcUA~GcUGACGGCAAAGAAAU~GUG~CCUUUU~AC~CCCG~GAUCUG~ACGCU~CAAAG CCAUCAAAGAU~U~GUCC~cGAUUUGGGUC~C-C~CU~C~CUcUUUAGCU~U~CCCCCCUGUG~cC~GAU~C~UGAGCUUC-GGU~UGA~AUUUU~cCGACU~CAUA ACC~c~AU~AAAACC~A~CCUAGACCUGCUAAACAC4~UC~G~GGG~C~UCCUCCAAAUCUCA~CGAGACG~AGA~U~UCUb.~ACCCGAAAAGACUCCCAGAAAU nucleotide (C) was not identified by this procedure. The terminal nonanucleotide therefore corresponds to the sequence determined for the 3' end of RNA-3 (Mayo et al., 1991) . Partial digestion of intact labelled RNA resulted in less clear resolution of the terminal four nucleotides but showed that the sequences of RNA-1 and RNA-2 are identical for about 18 nucleotides from the 3' ends; the sequences differ 5' of this point (Fig. 3) . Sequencing of cDNA made to RNA-1 confirmed this conclusion (Fig. 5) .
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Nucleotide sequence of RNA-2
The cloned cDNA obtained by primer extension represented 1313 nucleotides, of which 51 overlapped with and were identical to the sequence of the 5' end of RNA-3. The remainder of the RNA-2 sequence was obtained by priming cDNA synthesis with primer B, amplifying the first strand cDNA by using primer B and primer C and cloning the resulting double-stranded cDNA.
The nucleotide sequence deduced from analysis of this cloned DNA is shown in Fig. 4 . The sequence of the 5'-terminal 23 nucleotides was determined by primer extension sequencing with reverse transcriptase. The remainder of the sequence was obtained from DNA in both orientations. All but 30 of the Y-most 1350 nucleotides were determined from more than one cDNA clone. The sequence of nucleotides 1361 to 1741 was determined from a cDNA clone as well as from the cloned amplified DNA; that from nucleotides 1741 to 2231 was determined only from the amplified DNA. The sequence that was cloned more than once had differences at five positions. These were (compared with the sequence shown in Fig. 4 ): A for U at nucleotide 424 (one of four clones; Met to Lys coding change); U for G at nucleotide 425 (one of four clones; Gly to Val coding change); G for A at nucleotide 1309 (one of four clones; non-coding); C for U at nucleotide 1373 (one of two clones; no coding effect); U for C at nucleotide 1545 (one of two clones; Arg to Cys coding change). The sequence determined for the Y-terminal 946 nucleotides of RNA-2 is identical to that determined for RNA-3 (Mayo et al., 1991) except for an A (nucleotide 1559) in RNA-3 instead of a U.
Putative translation products of RNA-2 Fig. 4 shows the two large open reading frames (ORFs) in RNA-2. No others were detected that could encode proteins with Mr greater than 5000. The translation product of the 5'-most ORF is predicted to have an M~ of 38869 (39K). The second in-frame AUG codon is 98 codons further downstream and a polypeptide initiated at this position would be about 30K. The reported translation product of RBDV RNA-2 is 46K (Murant et al., 1986) . Following the termination codon in the 39K ORF, there are two termination codons in each of the three reading frames; this makes it very unlikely that a frameshift could extend the 39K ORF. We therefore conclude that the '46K' polypeptide of Murant et al. (1986) is the translation product of the 5' ORF. The 3' ORF encodes the same polypeptide as RNA-3, i.e. the coat protein (Mayo et al., 1991) , except that the changed nucleotide results in a substitution of Asp (at residue 78) for Glu as reported previously.
Possible secondary structure of the 3"-terminal sequences
Computer-based tests for secondary structure suggested that four adjacent stem-loops could be formed from the 71 3'-terminal nucleotides of RNA-2. These are shown diagrammatically in Fig. 5 . Similar tests with the 3'-terminal sequence of RNA-1 [deduced from the sequence of cDNA made by oligo(dT)-primed reverse transcription of polyadenylated RNA-1] suggested a similar succession of stem-loops (Fig. 5) . The 3' common sequence of 18 nucleotides is the terminal stem-loop; the other three stem-loops differ in sequence from those in RNA-2 but may well form a similar secondary structure as suggested by Fig. 5 .
The free energies (at 37 °C) of the structures shown in Fig. 5 were calculated according to Frier et al. (1986) as -45-3 kJ (RNA-2) and -45.8 kJ (RNA-1).
T, Natsuaki and others
Discussion
The results confirm that RNA-3 of RBDV is a subgenomic mRNA encoding the coat protein. RNA-2 therefore resembles RNA-3 of ilarviruses and similar tripartite genome viruses (Symons, 1985) in being bicistronic and having a 3' coat protein gene which is expressed by the generation of a subgenomic RNA. Since the sequences in RNA-2 and RNA-3 that encode the coat protein are almost identical, it seems likely that, as with RNA-4 of tripartite genome viruses, RBDV RNA-3 is not used as a transcription template during replication. Moreover, Murant et al. (1986) were unable to detect dsRNA species which corresponded in size to RNA-3 in RBDV-infected plants. Thus, progeny RNA-3 molecules are probably derived by transcription of RNA-2. The subgenomic RNA-3 commences at nucleotide 1286 of RNA-2. Sequences upstream of this point are particularly rich in A and U and thus resemble those thought to be important as promoters of subgenomic mRNA production (Marsh et al., 1988) .
No marked similarities were detected by using FASTA between the RBDV 39K protein and any proteins in the EMBL database. However, by using a progressive alignment technique (Melcher, 1990) , U. Melcher (personal communication) has found a weak amino acid sequence similarity with the 32K protein of alfalfa mosaic virus (A1MV), the 32K protein of tobacco streak virus (TSV) and other proteins with a putative transport function. In this alignment the greatest local similarity between the AIMV 32K, TSV 32K and RBDV 39K proteins was a Pro-Ile-Trp tripeptide common to all the sequences. The 39K protein of RBDV also resembles the 32K protein of AIMV (but not the TSV 32K protein) in its serine-rich N terminus.
Neither the 39K nor the 30K (coat protein) products of RNA-2 contain polymerase or helicase motifs typical of a replicase (Argos, 1988; Habili & Symons, 1989) and we presume that RNA-1 encodes the viral replicase. This indicates that the genome of RBDV is bipartite.
The RNA species forming a multipartite genome often have very similar if not identical T-terminal sequences. For example, the genome RNA species of bromoviruses, cucumoviruses, ilarviruses and AIMV have almost identical sequences for the terminal 40 to 200 nucleotides (Symons, 1985) . The least similarity reported so far is that among the genome RNAs of TSV, in which only the Y-terminal 30 to 40 nucleotides are similar in sequence and alignment is possible only when gaps are inserted in the RNA-2 sequence ( Fig. 6 ; KoperZwarthoff & Bol, 1980) . A similar alignment between RBDV RNA-1 and RNA-2 (Fig. 6) shows sequence identity in the 3'-terminal 18 nucleotides and appreciable but incomplete sequence identity in the 40 nucleotides 5' Fig. 6 . Similarities between the Y-terminal nucleotide sequences of (a) RNA-2 and RNA-3 of TSV and (~ RNA-2 and RNA-1 of RBDV. Gaps have been inserted ~ maximize the matches. of this region. Despite this incomplete identity, the secondary structures postulated in Fig. 5 for RBDV RNA-I and RNA-2 show a very similar arrangement of stem-loops and similar sequences in the loops. A similar resemblance occurs between TSV RNA species. However, RBDV RNA does not contain the AUGC motif that occurs in the T-terminal sequences of TSV RNA and AIMV RNA and which is thought to play a role in binding RNA to coat protein (Koper-Zwarthoff & Bol, 1980) . Comparison of the 3' termini of RBDV RNA-1 and RNA-2 suggests that the secondary structures of the molecules may be important for one function and that the sequence conserved in the terminal 18 nucleotides may be important for another.
RBDV resembles ilarviruses in its pollen transmission, its particle properties and, as shown in this paper, the sequence relatedness of its two smallest encapsidated RNA species. However, the 6 kb RNA-1 distinguishes RBDV from ilarviruses and other viruses with similar particles (bromoviruses, cucumoviruses and AIMV). Indeed RBDV differs from all other described plant viruses in its overall genome arrangement.
